INTRODUCTION {#S1}
============

Acute myeloid leukemia (AML) and chronic myeloid leukemia (CML) are devastating diseases often associated with activated tyrosine kinases. Targeted therapies have been developed for many of these oncogenic kinases but resistance and disease progression can occur. Initial response rates to treatment are high in AML and very high in CML, but relapse is common in AML and most patients with CML remain PCR positive indefinitely.^[@R1],[@R2]^ Targeting reprogramming of glucose metabolism has emerged as an attractive and novel approach to developing new therapeutics in cancer treatment.^[@R3],[@R4]^ The aberrant use of glucose and other carbon sources is part of a metabolic switch that further leads to fermentation and lactate production, even under aerobic conditions (Warburg effect).^[@R5]^ The molecular changes that lead to this process in leukemic cells are poorly understood, even though the pathways involved in glycolytic activities have been fairly well described in normal cells. We previously found that hyper-active glucose metabolism and mitochondrial electron transport chain activity are essential for increased ROS (reactive oxygen species) production in myeloid malignancies.^[@R6],[@R7]^ Elevated oxidative stress not only contributes to genomic instability, but it is also required for the functioning of redox-sensitive enzymes and virtually all aspects of transformation.^[@R8]^ Also, our data have shown that inhibition of PFKFB3 (phosphofructokinasefructose-2,6-bisphosphatase 3) in leukemic cells reduced metabolic reprogramming, as well as cell growth *in vitro* and *in vivo.*^[@R9]^ Targeting metabolic abnormalities with relative sparing of normal cells is therefore predicted to result in significant clinical benefit.

In addition to glucose metabolism, glucose storage in form of glycogen is increased in most cancers as well. Glycogen provides a convenient glucose reservoir during energy stress, glucose deprivation or senescence.^[@R10],[@R11]^ However, glycogen levels are significantly depleted in myeloid malignancies, due to concomitant glycogenolysis,^[@R12],[@R13],[@R14]^ seemingly presenting a disadvantage for transformed cells. The reason for this increased glycogenic flux or its biological consequences for myeloid leukemias are unknown. Glycogen synthesis is controlled in part by the rate-limiting glycogen synthase (GYS). Whereas the so-called muscle GYS1 is more ubiquitously expressed at lower levels, the GYS2 isoform carries a major responsibility for glycogen synthesis in the liver.^[@R15]-[@R17]^ Mice with disruption of GYS1 show reduced levels of PFKFB3 as well as reduced glycolysis in muscle cells, hinting at a role of GYS1 beyond its primary function of glycogen synthesis.^[@R18]^ Increased glucose uptake and glycolysis in myeloid leukemia cells^[@R9]^ would result in elevate glucose-6-phosphate levels, as a product of the first glycolysis reaction. Glucose-6-phosphate is already known to be a strong allosteric activator of GYS1 that can also overcome its inhibitory phosphorylation^[@R19],[@R20]^ and it likely plays a much larger role in controlling glycogenic flux than previously thought.^[@R21]^ Inhibitory phosphorylation of GYS1 at S^641^ is mediated by GSK3 (glycogen synthase kinase 3), downstream of the AKT kinase.^[@R22]-[@R24]^ Even though GSK3 proteins were discovered as kinases for GYS, they have since been found to have broader functions that may not necessarily lie within this pathway.^[@R25],[@R26]^ AMPK (AMP-activated protein kinase) has been described as another regulator of GYS1 through inhibitory phosphorylation at S^8^.^[@R27],[@R28]^ AMPK is also a central and pleiotropic regulator of bioenergetic fuel consumption through targeted phosphorylation of proteins within multiple pathways.^[@R29]^ In general, AMPK activity favors catabolism to the expense of ATP consumption, thus effectively leading to energy conservation and increased ATP production.^[@R30]^ The heterotrimeric protein phosphorylates its substrates through the catalytic α subunit, which is also sensitive to changes in phosphorylation at T 172, predominantly by LKB1 (liver kinase B1) during energy stress ^[@R31]-[@R34],[@R35]^. Binding of AMP to the γ subunit increases its activity and the β subunit can interact with glycogen.^[@R35]^

Here, we define the seemingly energy-inefficient glycogenesis pathway as a sensitive regulator of metabolic reprogramming and transformation in myeloid leukemia cells. Knockdown of the rate-limiting GYS1 not only significantly lowered flux towards glycogen, but also reduced cell growth and metabolic reprogramming. Hyper-activation of AMPK mimicked GYS1 targeting and provided a central mechanism for regulating glucose metabolism and cell growth. Importantly, activity of the glycogen-sensitive AMPK inversely correlated with changes in glycogen levels. Thus, analogous to the mechanism associated with loss of the AMPK activating tumor suppressor LKB1 in some solid tumors, such as in lung cancer,^[@R36]^ detrimental hyper-activation of AMPK can be avoided through increased glycogen production by cancer cells. Inhibiting this protective mechanism in myeloid leukemias may aid traditional therapy and hints at additional targets for drug development.

MATERIALS AND METHODS {#S2}
=====================

Metabolomics analysis {#S3}
---------------------

The levels of 292 cellular carbon metabolites in extracts of 2.5×10^6^ cultured cells or 4×10^6^ leukemic cells or controls were determined in triplicates. Cell lines were treated for 18h with their respective tyrosine kinase inhibitors at twice the ED~50~. Extraction of metabolites and quantitative mass spectrometry analysis was done as previously described.^[@R37]^ MetaboAnalyst (<http://www.metaboanalyst.ca>) was used for statistical analysis of the data.

Expression of active AMPK {#S4}
-------------------------

A truncated constitutively active HA-tagged form of AMPK-α2 (amino acids 1-312) was generated by PCR and cloned into either pMSCV-IRES-GFP or pMSCV-IRES-DsRed-Express2-puromycin. Retroviruses were generated by co-transfecting HEK293T cells with either pMSCV vector, pMD2.G and pMD-MLV-gag-pol using the TransIT-293 transfection reagent (Mirus, Madison, WI). KU812 cells were sorted for either GFP positive or for DsRed-Express2 positive cells. Cells infected with DsRed-Express2 constructs were selected for three days with puromycin (1μg/ml), prior to sorting.

Semi-quantitative real-time PCR {#S5}
-------------------------------

To measure changes in the expression of genes involved in glucose metabolism in KU812 cells treated overnight with 1μM imatinib or DMSO, RT^2^ Profiler Glucose Metabolism PCR Arrays (PAHS-006ZA; SABiosciences, Valencia, CA) were used.

Targeted knockdown using lentiviral approaches {#S6}
----------------------------------------------

Knockdown of GYS1 was done using three different lentiviral constructs (A, B and E; RNAi Screening Facility, Dana-Farber Cancer Institute) containing shRNA against GYS1 and compared to a scrambled control. Lentiviruses were generated by co-transfecting HEK293T cells with viral packaging vectors pMD2.G and pCMVΔ8.91 as well as shRNAs using the TransIT (Mirus, Madison, WI) reagent. KU812 cells were infected in the presence of polybrene (5μg/mL; Millipore, Temecula, CA) and selected for one week in medium containing puromycin (1μg/mL; Sigma).

*In vivo* mouse studies {#S7}
-----------------------

KU812 cells with targeted knockdown of GYS1 (construct B) were used and compared to cells containing scrambled shRNA. Animal studies were performed at the Lurie Family Imaging Center (Dana-Farber Cancer Institute) on protocols approved by the Dana-Farber Cancer Institute Animal Care and Use Committee as previously described.^[@R9]^

Statistical analysis {#S8}
--------------------

For statistical comparison between test and control groups, the Student\'s *t*-test was used. Error bars represent standard deviation of at least three independent experiments. PCR array experiments were analyzed using one-way analysis of variance (ANOVA)/Tukey\'s multiple comparison test. Mixed models were used to assess the differences in rate of increase in tumor volume and in weight over time in murine models. Models included time as a variable, as well as treatment, and an interaction between treatment and time. *P*-values below 0.05 were considered statistically significant.

Miscellaneous {#S9}
-------------

Further experimental procedures can be found in the [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"}.

RESULTS {#S10}
=======

Leukemic cells in myeloid malignancies are associated with increased glycogenesis {#S11}
---------------------------------------------------------------------------------

We used a mass spectrometry approach that can reliably detect changes in 292 metabolites associated with carbohydrate metabolism,^[@R37]^ in order to identify abnormalities in metabolic pathways associated with oncogenic transformation, Specifically, the metabolic profiles of patient derived cell lines transformed by different tyrosine kinase oncogenes, including FLT3-ITD (MOLM-13), BCR-ABL (KU812) and JAK2V617F (HEL), were compared. As reduced oncogenic kinase activity also lowers cellular metabolism, most of the metabolites were generally reduced in all inhibitor-treated cell lines. With a threshold of a change in metabolite levels \>1.5-fold, we identified a set of metabolites in MOLM-13, KU812 and HEL that was significantly changed (p\<0.05) upon tyrosine kinase inhibitor treatment (**[Figure 1A](#F1){ref-type="fig"}**). In addition, we analyzed and compared the metabolite levels of a limited number of AML and CML patient specimens versus controls (n=3) (**[Figure S1A](#SD1){ref-type="supplementary-material"}**). Similar to patient-derived cell lines, we observed inter-patient variability with distinct changes in AML and CML metabolite levels. Further analysis of the cell line metabolite profiles demonstrated that the majority of changes for each of the cell lines were shared with one or the other cell line tested. Distinct signatures of 19 metabolites were found to be reduced in cell lines in response to oncogenic tyrosine kinase inhibitors (**[Figure 1B](#F1){ref-type="fig"},** left) and 26 metabolites were found to be elevated in AML and CML patient specimens compared to normal controls (**[Figure 1B](#F1){ref-type="fig"},** right).

Commonly upregulated metabolites were identified by comparison of both sets, including deoxythymidine triphosphate (dTTP), S-adenosyl-L-methionine and UDP-D-glucose (**[Figure 1C](#F1){ref-type="fig"}**). Altered levels in these metabolites do not suggest a representation of the overall metabolic changes in these cells but rather hint at robust alterations observed in our sample pool and may represent distinct changes of individual metabolites. Indeed, a pathway analysis involving the metabolite profiles from these results suggests that multiple metabolic or anabolic pathways are affected by the observed changes (**[Figure S1B](#SD1){ref-type="supplementary-material"}**). Of particular interest here are increased levels in UDP-D-glucose (reduced levels in response to tyrosine kinase inhibitors in transformed cell lines), a precursor of glycogen synthesis. Our pathway analysis also identified oligo- and polysaccharide synthesis among the pathways with the highest impact score, which corresponds to the extent of changes in metabolite levels that occur within this pathway (**[Figure S1B](#SD1){ref-type="supplementary-material"}**). The limited number of metabolites analyzed did not allow for a reliable statistical analysis. An over-active glycogen synthesis pathway is further reflected in our cell line models wherein treatment with inhibitors of oncogenic tyrosine kinases significantly reduced cellular glycogen levels (**[Figure 1D](#F1){ref-type="fig"}**). It should be noted that these results only demonstrate oncogene-dependent glycogenic flux and do not suggest quantitative changes relative to normal cells. The largest reduction in glycogen was observed in KU812 cells in response to imatinib. This change was blocked when BCR-ABL containing the T315I gatekeeper mutation was introduced into these cells. Further, KU812 cells showed a strong dependency for glycogen production on glucose as a carbon source and not glutamine. Glycogen levels were significantly reduced by 74.2% (p\<0.005) in the absence of glucose but not in the absence of glutamine (24.2% reduction; p=0.31) (**[Figure S1C](#SD1){ref-type="supplementary-material"}**). Thus, glycogenesis is one of the key metabolic pathways that is specifically altered in leukemic cells.

Elevated expression of glycogen synthesis regulating enzymes is associated with poor prognosis {#S12}
----------------------------------------------------------------------------------------------

Glycogen synthase (GYS) is a major rate-limiting enzyme involved in glycogen synthesis and works in concert with GBE1 (1,4-alpha-glucan-branching enzyme 1) (**[Figure 2A](#F2){ref-type="fig"}**).^[@R38]^ We queried the cBioPortal database ^[@R39],[@R40]^ and looked for abnormal expression of GYS1, GYS2 or GBE1 in a set of 163 AML patients. The database also allows for the retrieval of individual patient information and provides the clinical and biological description of each specimen. The results show that there is increased expression of any of the three enzymes in 29 cases, representing 18% of the total patient population (**[Figure 2B](#F2){ref-type="fig"}**). The changes appeared to be mutually exclusive with the exception of one specimen (AB-2992), in which GYS1 and GBE1 were upregulated at the same time. Of note, changes within this pathway were not unique to AML and a query of the cBioPortal database also revealed high expression of enzymes within this pathway in 13.2% of lung adenocarcinoma and 15.9% of kidney clear cell carcinoma. Increased expression of these glycogenesis enzymes was associated with poor outcome in AML (p= 0.02), lung adenocarcinoma (p=0.003) and clear cell renal cell carcinoma (p=0.04) (**[Figure 2C](#F2){ref-type="fig"} and [Figure S2A](#SD1){ref-type="supplementary-material"})** and showed a decrease in median survival by 47%, 30% and 66%, respectively (**[Figure S2B](#SD1){ref-type="supplementary-material"})**. Patient-derived KU812 cells provided a useful model system that reflect some of these core changes, yet still strongly depending on BCR-ABL and allowing for oncogene-targeted intervention. In KU812 cells treated with the ABL inhibitor imatinib, 48 genes coding for enzymes involved in metabolism were changed at least 2-fold in their RNA expression (p\<0.05), including GYS1 and GBE1 (**[Figure 2D](#F2){ref-type="fig"}**). We did not observe significant expression of GYS2 (**[Figure 2D](#F2){ref-type="fig"}** and not shown). In additional experiments, we found this pathway to be regulated to a somewhat lesser extent in MOLM-13 and HEL cells, which may explain the smaller reduction in glycogen levels in response to tyrosine kinase inhibitors (**[Figure 1D](#F1){ref-type="fig"}** and not shown).

Glycogen synthesis through glycogen synthase 1 and its relation to AMPK {#S13}
-----------------------------------------------------------------------

In addition to changes in glucose-6-phosphate levels and GYS1 expression levels, the enzyme activity of GYS1 can also be modulated through inhibitory phosphorylation. The GYS1 kinase AMPK was found to be phosphorylated at its activation site T^172^ in KU812 cells, and inhibition of the oncogenic BCR-ABL kinase with imatinib reduced AMPK phosphorylation (**[Figure 3A](#F3){ref-type="fig"}**). Consistent with our gene expression data (**[Figure 2D](#F2){ref-type="fig"}**), GYS1 protein expression was also reduced upon imatinib treatment, which contributed to the reduction in the pool of S^8/11^-phosphorylated GYS1. In order to demonstrate that AMPK can induce phosphorylation of GYS1 at S^8/11^, we treated KU812 cells with the AMPK pathway activators and anti-diabetic small molecule drugs resveratrol and metformin^[@R29]^ (**[Figure 3B](#F3){ref-type="fig"}**). Interestingly, the amount of GYS1 increased but not the level of phosphorylated protein. Similarly, we detected both GSK3α and GSKβ to be phosphorylated at their respective inhibitory sites S^21^ and S^9^,^[@R41],[@R42]^ in KU812 cells and the phosphorylation was diminished after imatinib treatment (**[Figure S3A](#SD1){ref-type="supplementary-material"}**). Nevertheless, in contrast to imatinib treatment, inhibition of AKT by MK-2206 upstream of GSK3 was sufficient to reduce inhibitory phosphorylation of GSKβ and increased inhibitory phosphorylation of GYS1 in KU812 cells (**[Figure S3B](#SD1){ref-type="supplementary-material"}**). Thus, BCR-ABL-dependent GYS1 expression and phosphorylation are unlikely to be regulated down-stream of AKT in this model. GSK3α may be phosphorylated by other kinases, such as PIM kinases (**[Figure S3C](#SD1){ref-type="supplementary-material"}**), which have been previously implicated in energy metabolism.^[@R43]^ Overall, phosphorylation-dependent regulation of GYS may work in concert with altered gene regulation in this pathway, but this process can likely be superseded by allosteric regulation of GYS1 activity.

The role of AMPK was further evaluated using the AMPK pathway stimulators metformin and resveratrol as well as the AMPK activators 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) and A769662.^[@R44],[@R45]^ Treatment was sufficient to reduce glycogen production in myeloid leukemia cells and we did not observe a difference in sensitivity to these drugs in imatinib-resistant KU812 (KU812IR) compared to parental KU812 cells. (**[Figure 3C](#F3){ref-type="fig"}**). Similar significant reduction in glycogen levels in response to metformin and resveratrol were found in other myeloid leukemia cell lines that are transformed by various oncogenes, including K562 (BCR-ABL), MOLM-13 (FLT3-ITD), HEL (JAK2.V617F) and OCI-AML3 (NRAS.G12D) as well as in primary patient specimens from patients with CML and AML (**[Figure 3D](#F3){ref-type="fig"}**). Consistent with these results and a previously recognized role of AMPK activators metformin and resveratrol in the inhibition of growth of transformed myeloid cells ^[@R46]-[@R49]^, treatment led to a reduction in cell growth (**[Figure S4A-S4B](#SD1){ref-type="supplementary-material"}**) as well as reduced glucose uptake (metformin: 64.6 ± 6.5 % of control, p\<0.05; resveratrol: 69.6 ± 10.7 % of control, p\<0.05) (**[Figure S4C](#SD1){ref-type="supplementary-material"}**). Our data thus suggest a role of the AMPK pathway in controlling glycogenesis and metabolic reprogramming, independent of AMPK-induced GYS1 phosphorylation.

Metabolic effects associated with abnormal glycogenesis inversely correlates with AMPK activity {#S14}
-----------------------------------------------------------------------------------------------

It would be predicted that a constitutively active form of AMPK induces effects that are comparable to AMPK activators in KU812 cells. To test this hypothesis, we expressed constitutively active truncated AMPK ^[@R50]^ (ΔAMPK; amino acids 1-312 of the α2 catalytic subunit) in KU812 cells. Further activation of AMPK by ΔAMPK led to a decrease in glycogen production (−47.5±2.9%, p\<0.0005), cell growth (−53.7±2.0%, p\<0.0005) as well as lactate production (−30.7±0.5%, p\<0.0005) (**[Figure 4A](#F4){ref-type="fig"},** left). HA-tagged active ΔAMPK was readily detected in these cells (**[Figure 4A](#F4){ref-type="fig"},** right). We also observed reduced ROS levels (72.8 ± 5.6 % of control, p\<0.005) and glucose uptake (77.5 ± 3.1% of control, p\<0.005) (**[Figure S5A](#SD1){ref-type="supplementary-material"}**). Thus, chronic activation of AMPK elicits a response that is quite different from transient effects that are normally associated with signaling through AMPK.

We next used a lentiviral-based shRNA approach to knockdown GYS1 and evaluate its role in glucose metabolism. GYS1 knockdown reduced glycogen production (19.3%-41.2% of control) as well as lactate production (54.4%-74.2% of control) and intracellular ROS (46.0%-69.3% of control) in KU812 cells (**[Figure 4B](#F4){ref-type="fig"}**, left). GYS1 knockdown was also associated with reduced glucose uptake (52.3 ± 19.3 % of control, p\<0.05) (**[Figure S5B](#SD1){ref-type="supplementary-material"}**). Thus, the results did not only show an important role for GYS1 in the maintenance of glycogen levels, but demonstrated an important function for this molecule in glucose and energy metabolism. Out of the six shRNA constructs tested, three were found to significantly knockdown GYS1 in KU812 cells (**[Figure 4B](#F4){ref-type="fig"}**, right). In order to validate our hypothesis that increased glycogenic flux supports cell growth in myeloid malignancies, we used KU812 cells containing the GYS1B knockdown construct (highest knockdown efficiency) and treated them with glycogen phosphorylase inhibitor (GPi). Inhibitor treatment would be predicted to decrease glycogen degradation and increase its cellular levels. GPi treatment led to a significant increase in intracellular glycogen levels in GYS1 knockdown cells as compared to untreated control cells (**[Figure 4C](#F4){ref-type="fig"}**, left). The AMPK β subunit contains a regulatory site that is sensitive to changes in glycogen and our experiments show a significant increase in AMPK phosphorylation at its activation site in GYS1 knockdown cells that was diminished upon treatment with GPi (**[Figure 4C](#F4){ref-type="fig"}**, right). The results demonstrate an inverse relationship between the activation of AMPK and intracellular glycogen levels. In control experiments, the regulation of the AMPK axis by targeted approaches was confirmed by measuring changes in S6 phosphorylation and HIF1 expression, previously found to be downstream of AMPK (**[Figure S6](#SD1){ref-type="supplementary-material"}**).^[@R51]^ In myeloid leukemia cells, HIF1 is expressed at low levels, even under normoxic conditions.^[@R52]^

Genetic targeting of GYS1 reduces tumor cell growth {#S15}
---------------------------------------------------

Since altered metabolism is crucial for transformation in leukemic cells, we sought to define the role of GYS1 in cell growth by specifically targeting GYS1. The GYS1 knockdown construct B was used and found to be sufficient to reduce growth of KU812 cells. The effect could further be enhanced in a dose-dependent manner by imatinib treatment (**[Figure 5A](#F5){ref-type="fig"}**). To test our hypothesis that glycogen levels significantly affect transformation, we treated GYS1 and control knockdown cells with GPi. We observed a dose-dependent increase in cell growth in response to GPi in GYS1B knockdown cells, whereas there was no change in growth in cells containing scrambled shRNA (**[Figure 5B](#F5){ref-type="fig"}**). The specificity of GYS1-dependent cell growth was confirmed using different GYS1-targeting constructs. Also, low intracellular glucose would be predicted to reduce the amount of substrate available for glycogenic turnover but not the glycogenic reactions themselves. Thus, limiting glucose availability to 0.4 g/L glucose reduced cell growth in all cells tested. In addition, GYS1 knockdown reduced cell growth to a similar extent compared to cells in 4.5 g/L glucose (38.7±1.5% and 38.8±9.8% average reduction, respectively), when compared to their respective control cells (**[Figure 5C](#F5){ref-type="fig"}**). Consistent with a role of AMPK in this process, we found that knockdown of GYS1 resulted in increased phosphorylation at its activation site with low glucose, compared to control cells (**[Figure S7A](#SD1){ref-type="supplementary-material"}**). Neither knockdown of GYS1 nor expression of active AMPK led to a significant loss in cell viability and the reduced cell growth is consistent with reduced metabolic activity due to limited glucose uptake. Further, KU812 GYS1 knockdown cells were injected subcutaneously into SCID/beige mice and tumor growth compared with cells containing scrambled shRNA constructs. The tumor volume increased over time (p\<0.0001) and treatment with GYS1 shRNA compared to scrambled shRNA significantly delayed tumor growth (p=0.004) (**[Figure 5D](#F5){ref-type="fig"}**). Also, the body weights of the GYS1 knockdown mice increased more rapidly, as an indirect reflection of decreased tumor burden, compared to those of the scrambled mice, p=0.002; rates of further increase following day 14 did not differ significantly between the groups, p=0.27. (**[Figure S7B](#SD1){ref-type="supplementary-material"}**). Overall, these data implicate GYS1 as an important regulator of cellular transformation in myeloid leukemia cells.

DISCUSSION {#S16}
==========

Metabolic changes in cancer cells are thought to be broad, but specific regulatory mechanisms or biochemical pathway requirements may lead to distinct differences.^[@R3],[@R4]^ Our metabolomics analysis indicated that the majority of changes driven by tyrosine kinase oncogenes were increases in metabolite levels. Stringent exclusion criteria led to the identification of only three metabolites in commonly dysregulated pathways that were consistently increased in myeloid leukemia cells, involving DNA synthesis (deoxythymidine triphosphate), transmethylation (S-adenosyl-L-methionine) or glycosphingolipid synthesis and glycogenesis (UDP-D-glucose). Of special interest here is the presumably paradoxical and energy inefficient glucose consumption for elevated glycogenesis ^[@R12]^ in cells that have a high demand for monosaccharides. Abnormal glycogenic flux is not unique to myeloid leukemias and appears to be associated with certain proliferating cells, for example in hepatic cancer ^[@R53]^ or rapidly growing Xenopus oocytes.^[@R54]^ However, many solid tumors tend to accumulate glycogen with limited glycogenolysis, suggesting that this pathway may have a different functional role in these diseases.^[@R55]^

The results show that either of the three enzymes (GYS1, GYS2, GBE1) that control the glycogen synthesis reaction are upregulated in 18% of AML patients and that the patient population associated with increased enzyme levels showed significantly shorter survival. Similar data were also found in lung adenocarcinoma as well as kidney cancer, suggesting a broader dependency on this pathway in different cancers. The results did not show an invariable correlation between mutations in commonly known oncogenes and expression of these enzymes (not shown). Thus, even though glycogen turnover is commonly higher in myeloid malignancies, the dysregulation of the enzymes involved may provide a unique growth advantage. Our GYS1 knockdown data in KU812 cells under glucose limiting conditions would argue against a simple growth advantage for stored glycogen as a source of glucose, since we did not observe resistance towards low glucose supplies.

*In vivo*, there may be a stronger dependency on GYS1 for transformation pathways since our *in vitro* approach selected for positive growth of cells with only partial GYS1 knockdown. Reduced expression of GYS1 did not only directly affect glycogen levels but had a broader effect on glucose metabolism pathways, ultimately resulting in reduced leukemia cell growth *in vitro* and *in vivo*. One major function of these pathways is to cover the energy needs of proliferating cells. In some cancer models, excess energy production in the form of ATP is reduced through active hydrolysis cycles to prevent negative feedback mechanisms and to allow continuing glycolysis.^[@R56]^ Energy-consuming metabolic reactions, such as glycogen synthesis from UDP-D-glucose, have the potential to compensate for this effect, thus acting as part of a floodgate that can temporarily reduce negative pressure from high energy and/or glucose levels on metabolic pathways. We observed increased (AMP+ADP)/ATP ratios in response to GYS1 knockdown (not shown), which may suggest that other mechanisms regulated through GYS1 have a greater impact on cell growth than simple modulation of energy-consumption.

Importantly, inhibition of glycogen synthesis could be either achieved by inhibition of GYS1 activity or by activation of AMPK. This is of interest since binding of glycogen to the glycogen-binding domain within the β-subunit of AMPK is thought to inhibit its kinase activity in cell-free extracts.^[@R57]^ The significance and the biological consequences of this interaction are not known. Our data show that reduced phosphorylation of AMPK at its activation site correlated with high glycogen levels and vice versa. Specifically the branching sites of glycogen elicit inhibitory activity ^[@R57]^ and these sites are not exposed in mature glycogen molecules with tightly packed outer chains.^[@R58]^ Consistent with this, treatment with glycogen phosphorylase inhibitor showed increased glycogen levels in cells with GYS1 knockdown, allowing for exposure of AMPK to a larger amount of glycogen. Since glycogen cannot diffuse within the cell, the regulation of AMPK pathways through AMPK/glycogen complexes is likely to occur within proximity of the glycogen molecules.

Suppression of GYS1 or hyperactivation of AMPK may be a viable strategy to supplement traditional therapy or precision medicine in myeloid malignancies and to take advantage of metabolic changes that occur in transformed cells. Results from mice with GYS1 gene disruption would suggest that targeting this protein with small molecule drugs would have little to no detrimental effects in adults.^[@R59],[@R60]^ On the other hand, loss of liver GYS2 in mice, which is marginally expressed in myeloid leukemia cells, leads to a phenotype that is similar to glycogen storage disease type 0 ^[@R61]^ and few studies have been done with GBE1 knockout mice due to the occurrence of hydrops fetalis as a result of glycogen storage disease type 4.^[@R62]^ Inhibiting glycogenesis may also provide a venue to reduce growth of leukemic cells if initial therapy fails or it may work in combination with traditional therapy, as we have shown in BCR-ABL transformed cells. AMPK is of particular interest as a drug target since genomic data in solid tumors, such as lung cancer, have already shown that loss of function mutations in the tumor suppressor LKB1 prevent AMPK activation.^[@R32],[@R36],[@R63]^ However, in neither model AMPK appears to be entirely inactive, leaving the open question whether some basal activity may be required for transformation. It will now be important to develop specific drugs and target glycogenic flux in cells that depend on this pathway for glucose metabolism and cell growth.
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![Metabolomics analysis of human myeloid leukemia cells\
**(a)** Unsupervised hierarchical clustering of KU812, Molm-13 and HEL metabolite profiles, comparing control treated cells (−) to tyrosine kinase inhibitor treated cells (+; 3.5 μM imatinib, 0.8 nM quizartinib and 400nM ruxolitinib, respectively) (p\<0.05; change in metabolite levels \>1.5-fold). Reduced metabolite levels are indicated by negative numbers (blue) in the heatmap. **(b)** Venn diagram obtained from comparison of metabolite profiles of KU812, Molm-13 and HEL in response to inhibitors of their respective oncogenic tyrosine kinases (left) or metabolite profiles of AML and CML patient specimens, compared to normal controls (n=3) (right). **(c)** Changes in metabolite levels consistently observed in myeloid leukemia cells, as indicated (p\<0.05). **(d)** Changes in glycogen levels were measured in cellular extracts of KU812, MEG-01, K562, MOLM-13 and HEL cells in response to inhibitors of their respective oncogenic tyrosine kinases. \*Significant differences (p\<0.05) were observed between control and treated cells.](nihms-650533-f0001){#F1}

![Dysregulation of the glycogen synthesis pathway in myeloid leukemia cells\
**(a)** Schematic representation of GYS1, GYS2 (glycogen synthase 1 or 2) and GBE1 (1,4-alpha-glucan-branching enzyme 1) involved in the biochemical pathway for glycogen synthesis from UDP-D-glucose. **(b)** Elevated levels of GYS1, GYS2, or GBE1 were observed in AML patient specimens, as indicated (changes in expression \>1.6-fold). **(c)** Survival distribution for AML patients with upregulation of GYS1, GYS2 or GBE1. The p-value denotes significant differences in survival between the query group and patients without overexpression of the genes within the query. **(d)** Changes in expression of genes involved in metabolism in response to imatinib (1μM; ◇) in KU812 cells were determined by real-time PCR relative to their respective p-values (volcano plot). Red symbols indicate changes in expression of GYS1, GYS2 and GBE1. The horizontal dashed line indicates the p=0.005 significance level and the vertical dotted lines indicate 2-fold changes.](nihms-650533-f0002){#F2}

![Glycogen production is regulated at multiple levels\
Expression of AMPKα, AMPKα (pT^172^), GYS1, GYS1 (pS^8/11^), GYS1 (pS^641^) and β-actin was determined by immunoblotting in KU812 cells that were left untreated or treated for 18h with (**a**) imatinib (1 μM) or (**b**) resveratrol (10 μM) and metformin (1 mM). Changes in glycogen levels were measured in cellular extracts of (**c**) KU812 or KU812^IR^ cells in response to treatment (72h) with either metformin (1 mM), resveratrol (10 μM), AICAR (1mM) and A769662 (100 μM) (n=3) or **(d)** in cellular extracts of cell lines (K562, MOLM-13, HEL and OCI-AML3) as well as primary patient specimens in response to metformin (1 mM) and resveratrol (10 μM). \*Significant differences (p\<0.05) were observed between control and treated cells.](nihms-650533-f0003){#F3}

![Glycogenesis is required for metabolic reprogramming and associated with decreased AMPK activation\
**(a)** KU812 cells containing an active form of AMPKα2 (ΔAMPK) were compare to parental KU812 and relative changes in glycogen, cell growth and lactate were measured (left). The expression of HA-tagged ΔAMPK was determined by immunoblotting (right). **(b)** KU812 cells containing scrambled shRNA (Scr) or GYS1-targeting constructs (A, B or E) were used. Changes in glycogen, lactate, or ROS levels (left) and GYS1 protein expression (right) were measured. **(c)** KU812 cells expressing GYS1-targeting shRNA construct B were treated with glycogen phosphorylase inhibitor (1 μM) or left untreated. Glycogen levels and AMPK phosphorylation (ELISA) were measured, as indicated. \*Significant differences (p\<0.05) were observed between control and treated cells.](nihms-650533-f0004){#F4}

![GYS1 is required for increased growth\
Cell growth was measured in KU812 cells expressing Scr shRNA or GYS1-targeting shRNA construct B treated with different concentrations of **(a)** imatinib or **(b)** glycogen phosphorylase inhibitor. **(c)** KU812 cells containing scrambled shRNA (Scr) or GYS1-targeting constructs (A, B or E) were used to measure growth in the presence of 4.5g/L or 0.4 g/L glucose. **(d)** *In vivo* tumor formation of KU812 cells with targeted knockdown of GYS1 construct B (◇) or scrambled shRNA (□) was determined in SCID/Beige mice (n=8). The volumes of subcutaneous tumors were measured and compared for 23 days after initial injection, as indicted. \*Significant differences (p\<0.05) were observed between control and treated cells.](nihms-650533-f0005){#F5}
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